Metal catalysts for transesterification of vegetable oils can cause autoxidation side reactions which reduces the fuel quality of the biodiesel. On the other side, oxidation of highly unsaturated oils can open opportunities for the synthesis of other important renewable chemical products. This study reports catalytic oxidation of fatty acids of Jatropha curcas oil (JCO) by Li-CaO/Fe 2 (SO 4 ) 3 catalyst during transesterification at mild reaction conditions. The catalytic oxidation of the triglycerides was shown to be enhanced by the presence of lithium incorporated in the otherwise active catalyst combination of CaO/Fe 2 (SO 4 ) 3 used for high conversion into FAME. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was used to assess the reaction products.
Introduction
Biodiesel is a renewable fuel which has similar energy density and physical properties with conventional diesel fuel. Transesterification is the most applied chemical method for biodiesel production from vegetable and nonedible oils. This chemical process proceeds in the presence of either homogeneous or heterogeneous catalysts. Biodiesel can replace the conventional fossil diesel fuel when its specifications on oxidative stability fulfill the European Standard EN 14214 or the American Standard ASTM D6751 [1, 2] . However, there are chemical processes which affect the quality of biodiesel during transesterification process or storage. One of the main causes of loss of quality is autoxidation. Due to the high unsaturated composition of vegetable oils and their derivatives, oxidation is a common phenomenon. Autoxidation of unsaturated oil and fatty acid methyl esters is a chemical reaction which can be initiated by thermolysis at elevated temperature, by the presence of metal catalysts or impurities, by hydrolysis in the presence of humid medium, or photolysis due to exposure to light [3] [4] [5] . Autoxidation proceeds by radical mechanism in the presence of molecular oxygen as oxidant. Although autoxidation usually has an induction time and is dependent on the structure of the saturated or unsaturated fatty acid of the feedstock and final product, the initial oxidation step is believed to proceed through hydroperoxide formation resulting in the creation of compounds such as acids and aldehydes or further reaction with another group of fatty acids to form dimers [2, [6] [7] [8] .
Catalytic autoxidation has been used in many organic reactions and transition metal catalysts are frequently mentioned as the type of heterogeneous catalysts in the process [9, 10] . Furthermore, promoted or unpromoted alkali or alkali rare earth metal oxide base catalysts have been known for catalytic oxidative coupling to higher hydrocarbons, proceeding through radical chemistry [11, 12] . Due to the high basic surface of the alkali or alkali doped alkaline earth metal oxide, abstraction of hydrogen from the allylic or bis-allylic position of unsaturated carbon chain is possible producing radicals for the autoxidation initiation. The possible oxidation reaction mechanisms for the fatty acid methyl ester (FAME) with molecular oxygen have been discussed in the literature [13, 14] . Although the autoxidation process is a complex process, it is believed to have three main steps, that is, initiation, propagation, and termination. The initiation step occurs by abstraction of hydrogen from the fatty acid methyl ester on the catalyst surface. The peroxide formed during the propagation step is unstable and spontaneously goes to Oxidation increases the oxygen content and reduces the quality and the energy density of biodiesel. On the other hand, oxidation of FAME can open opportunities for the synthesis of important renewable bulk or fine chemical products such as lubricants, surfactants, pharmaceutical products, and other value-added chemical products [15] [16] [17] . As the total composition of oleic, linoleic, and linolenic acids related to the number of double bonds in jatropha oil is more than 75% [18] , oxidation is believed to take place at increased rate compared to other oils that have less unsaturated compounds. As to our knowledge, autoxidation of these fatty acid compounds using alkali doped metal oxide catalysts has not been reported. The aim of this study is to investigate autoxidation of Jatropha curcas oil by Li-CaO catalyst at mild reaction conditions and elucidate the reaction products by MALDI-TOF mass spectrometry.
Materials and Methods

Materials.
Crude Jatropha curcas oil (JCO) was obtained from Tamil Nadu Agricultural University (TNAU), Coimbatore, India. Rapeseed oil (RSO) was purchased commercially. CaCO 3 (99.9% purity), LiNO 3 (99.9% purity), and methanol (extra pure) were obtained from MERCK. Anhydrous Fe 2 (SO 4 ) 3 was obtained from VWR Prolabo; propyl acetate and a standard fatty acid methyl ester (FAME) C 8 -C 24 for GC calibration were also purchased from Sigma-Aldrich.
Catalyst Preparation.
Calcium oxide (CaO) was prepared by decomposing pulverized CaCO 3 at 960 ∘ C for three and half hours. Lithium doped calcium oxide (Li-CaO) was prepared by incipient wetness impregnation method [19] . The solution was dried in oven at 120 ∘ C for 3 hrs and was calcinated at 550 ∘ C for 3 hrs. Anhydrous iron(III) sulfate (Fe 2 (SO 4 ) 3 ) was dried at 110 ∘ C for 3 hrs prior to use in order to remove any moisture content due to exposal to air.
Experimental.
A three-necked glass reactor immersed in a thermostat hot bath system was used to carry out the catalytic oxidation process. Experiments were performed under reaction conditions of 60 ∘ C, 3-hour reaction time, 6 : 1 mol of alcohol to oil ratio, 5 wt.% catalyst (based on weight of oil), and agitation speed of 300 rpm. A mixture of catalyst and methanol was initially stirred and heated to the reaction temperature. 90 mL of oil was heated separately to reach the reaction temperature. Oil and catalyst-methanol mixture were mixed in the reactor. Cooling was done by circulating water through a condenser. Thermometers were used to measure both the reaction and water bath temperatures. Reaction agitation was made by Teflon stirrer driven by an electric motor. The reactor was unsealed and atmospheric air/oxygen can easily enter the reaction mixtures. Centrifugation of the reaction products was done at 5700 rpm for 30 minutes whereas a clear phase separation was achieved. After centrifugation, the phases were obtained in the following order from top to bottom: methanol, FAME/oxidized FAME, glycerol, and solid catalyst, respectively. Samples for further analysis were prepared from the part of the clear FAME/oxidized FAME.
Quantitative and Qualitative
Tests. Agilent gas chromatography (GC) 6890 with split inlet and flame ionization detector (FID) was used for quantitative analysis of the samples. Propyl acetate was used as the GC internal standard. The GC was calibrated for methyl ester of carbon numbers ranging from C 8 to C 24 . Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was used for qualitative study of the samples. Bruker UltraFlex MALDI-TOF mass spectroscopy with nitrogen laser and ion source with reflector was used for sample analysis. Samples were dissolved in chloroform for analysis. Concentrations of 20 mg/mL were prepared and used in the analysis. 2,5-Dihydroxybenzoic acid (DHB) matrix solution was prepared with a concentration of 10 mg/mL in tetrahydrofuran (THF) solvent. Sodium (Na) salt adduct was used. 10 L of sample solution and 5 L of DHB matrix solution with salt were mixed and vortexed. About 1 L of the vortexed mixture was spotted on the target plate and the spot was allowed to dry at ambient temperature. Spectra were obtained and processed using FlexAnalysis software.
Result and Discussion
Physical Properties.
In order to protect soap formation due to the high free fatty acid content of jatropha oil during the reaction, mixtures of Fe 2 (SO 4 ) 3 with CaO or Li-CaO were used for simultaneous transesterification and esterification reported in [19] . FAME produced by CaO/Fe 2 (SO 4 ) 3 and Li-CaO/Fe 2 (SO 4 ) 3 catalysts were found to have different properties as shown in Table 1 with higher density and viscosity for the latter. Likewise the visual differences in color of the products and their solubility in various media differ significantly. Figure 1 shows the different colors of the biodiesel produced by the two catalysts from JCO and rapeseed oil (RSO). Rapeseed biodiesel obtained by CaO has light yellow color (Figure 1 (1) ) while Li-CaO catalyst gave greenish color (Figure 1 (3) ). This study has focused on the type of products obtained from JCO with further qualitative analysis. The acid-base titration method gave distinctively higher concentrations of FFA, that is, 9 wt.% FFA for jatropha oil compared with 0.53 wt.% for rapeseed oil [19] . The presence of FFA would obviously lead to lower oil stability index (OSI) promoting oxidation [20] . Biodiesel produced from vegetable/nonedible oils has varying composition and structure. Identifying and studying these compositions is crucial in determining the quality of biodiesel. This type of study can also give information about side reactions and unreacted species during the transesterification using homogeneous or heterogeneous catalysis. Hitherto, analysis of reaction products using MALDI-TOF MS has not yet been done to understand the various compounds, emanating from such reactions. Alkali (Li + , Na + , and K + ) and transition (Cu + , Ag + ) metal salts are commonly used as cations for matrix solution preparation. Alkali metal salts are found to be the best cations for esters [21] and in our case Na + adduct was used for the analysis. The matrix dihydroxybenzoic acid (DHB) is the most common type of matrices used in MALDI-TOF MS analysis of lipids as well as esters.
MALDI-TOF MS
Quantification of the Spectra.
Biodiesel has a complex structure and identifying all the spectra of the components is challenging. The presence of fragment ions produced during ionization process also makes the peak identification be more difficult. As shown in Figure 2 , mass spectra of biodiesel have three main regions: methyl esters and monoglycerides (region 1), diglycerides (region 2), and triglycerides (region 3). The MALDI-TOF MS spectra of triglycerides and diglycerides in heated vegetable oils were reported in [22] [23] [24] [25] [26] . This work focuses on the oxidation of FAME and FAME products with spectral identification as depicted in the magnification part of the / in the respective areas of (a), (b), and (c), respectively.
Fragments of methyl esters and glycerides can be produced during ionization process by loss of some part of the carboxylic group such as (-OCH 3 ) and -CH 3 [27] . These fragment ions can appear in the spectra either as anion or with sodium adducts. Figure 2 shows spectra of biodiesel produced by CaO/Fe 2 (SO 4 ) 3 catalysts. In this figure, loss of -OCH 3 of methyl palmitate during ionization gives peak of / = 239. Loss of the same group from methyl linolineate and methyl linoleate esters gives peaks of / = 261 and 263, respectively (peak numbers are not shown). Deuteration of saturated methyl ester was noticed. Deuterated methyl palmitate ion appeared at a peak of / = 272.
Methyl palmitate, methyl linolineate, methyl linoleate, and methyl oleate are major methyl esters in jatropha biodiesel. Major methyl ester peaks appeared in their respective / . Methyl palmitate with sodium adduct [M+ Na + ] gives / = 293. Methyl linolineate ( / = 315), methyl linoleate ( / = 317), methyl oleate ( / = 319), and methyl stearate ( / = 321) peaks were noticed. Monoglyceride spectra appeared up to / = 430. The mass spectra of biodiesel obtained by CaO/Fe 2 (SO 4 ) 3 were also compared with commercially available biodiesel and similar spectra peaks were found. The spectra of the biodiesel thus show a normal performance and characteristics compared to those of other FAME products. Figure 3 shows the mass spectra of jatropha biodiesel produced by Li-CaO/Fe 2 (SO 4 ) 3 catalyst. Spectra of biodiesel produced by this catalyst showed different spectra than biodiesel produced by CaO/Fe 2 (SO 4 ) 3 . More unsaturated methyl esters disappeared and other new spectra appeared. Methyl palmitate, methyl oleate, and methyl stearate appeared at / = 293, / = 319, and / = 321, respectively. All other methyl esters between / = 293 and / = 321 were converted to other products. Epoxies and hydroxyls of methyl linolineate, methyl linoleate, and methyl oleate appeared at / = 331, / = 333, and / = 335, respectively. Peaks of ketones from linoleate and oleate did coincide with their respective epoxies. Free fatty acid of oleic and linoleic with sodium adduct came at / = 305 and / = 303, respectively. New peaks of / = 413 and / = 429 did also emerge. This is due to further oxidation of the more unsaturated fatty acids. Hydroperoxides of methyl oleate were noticed at / = 351 and / = 383 while / = 349, / = 381, and / = 413 were hydroperoxides of methyl linoleate. Hydroperoxides of methyl linoleate with hydroxyl was also visible at / = 429. Hydroperoxides for methyl linolineate emerged at / = 347 and 379. The interesting phenomenon is the disappearance of more unsaturated methyl esters and the appearance of new peaks which is caused by the catalytic autoxidation of Li-CaO/Fe 2 (SO 4 ) 3 catalyst. 
Oxidation of FAME.
The difference in the physical properties and MALDI-TOF MS characterization in the final products is due to the oxidation of the components. As Fe 2 (SO 4 ) 3 is only used for esterification reaction [19] , the difference is attributed to the presence of either Li-CaO or CaO catalyst and hence the combination of Li-CaO/Fe 2 (SO 4 ) 3 or CaO/Fe 2 (SO 4 ) 3 . The kinetics for the autoxidation of FAMEs depends on the degree of unsaturation. Polyunsaturated fatty acid methyl esters such as linoleate and linolineate can easily oxidize at low temperature [13] . Monounsaturated FAMEs such as methyl oleate have low oxidizability compared to polyunsaturated FAMEs [28] . This supports the presence of unoxidized methyl oleate and palmitate in Li-CaO/Fe 2 (SO 4 ) 3 catalyst product. Hydroperoxides are known to be the main products of autoxidation of unsaturated FAME and are stable at low temperature [9, 28, 29] . Similarly, GC analysis of oxidized product showed that low carbon numbers of oxidized products were not observed and the main products of oxidation are hydroperoxides of FAME. The detector of GC responds to the number of carbons in organic molecules and it was difficult to see new peaks of methyl esters with hydroperoxides; instead they appeared with similar retention time as the parent methyl ester. However, further quantification of these different yields of products is still required. As shown in Figure 1 , the dark brown color for Li-CaO/Fe 2 (SO 4 ) 3 catalyst products is ascribed to high oxidation rates of the reaction. Due to the presence of high oxygen containing products, the viscosity and density were found to be higher than the product obtained by CaO/Fe 2 (SO 4 ) 3 . Although it is a complex process to point out each of the peaks in the mass spectroscopy, it is clearly shown that the oxidation of unsaturated fatty acids takes place in the presence of Li-CaO/Fe 2 (SO 4 ) 3 catalyst. This study shows a new way of catalytic reaction for autoxidation of jatropha oil for synthesis of other chemical products. The oxidized biodiesel does have a viscosity in the range of ASTM D6751 (ca.1.9-6 cSt). However, the calorific value may be less than that of the normal biodiesel. Further studies concerning cetane number, cloud point, acidity, and stability are necessary to substantiate additional information on the properties of the products.
Conclusion
Catalytic autoxidation of biodiesel constitutes loss of fuel quality. On the other side, oxidation of biodiesel can open an opportunity for synthesis of other renewable chemical products. Li-CaO/Fe 2 (SO 4 ) 3 catalyst was found to be active for transesterification of vegetable oils such as rapeseed oil into biodiesel while oil from jatropha containing highly unsaturated fatty acids was converted to oxidized components. Li-CaO/Fe 2 (SO 4 ) 3 is active for the autoxidation reaction of jatropha oil compared to CaO/Fe 2 (SO 4 ) 3 . Qualitative study using MALDI-TOF mass spectroscopy analysis showed that the unsaturated methyl esters were oxidized and were found together with FAME products.
